Background: Liver dysfunction in adult hypopituitary patients with GH deficiency (GHD) has been reported and an increased prevalence of nonalcoholic fatty liver disease (NAFLD) has been suggested. Objective: The objective of the present study was to elucidate the pathophysiology of the liver in adult hypopituitary patients with GHD. Patients and methods: We recruited 69 consecutive Japanese adult hypopituitary patients with GHD and examined the prevalence of NAFLD by ultrasonography and nonalcoholic steatohepatitis (NASH) by liver biopsy. Patients had been given routine replacement therapy except for GH. We compared these patients with healthy age-, gender-, and BMI-matched controls. We further analyzed the effect of GH replacement therapy on liver function, inflammation and fibrotic markers, and histological changes. Results: The prevalence of NAFLD in hypopituitary patients with GHD was significantly higher than in controls (77 vs 12%, P!0.001). Of 16 patients assessed by liver biopsy, 14 (21%) patients were diagnosed with NASH. GH replacement therapy significantly reduced serum liver enzyme concentrations in the patients and improved the histological changes in the liver concomitant with reduction in fibrotic marker concentrations in patients with NASH. Conclusions: Adult hypopituitary patients with GHD demonstrated a high NAFLD prevalence. The effect of GH replacement therapy suggests that the NAFLD is predominantly attributable to GHD.
Introduction
Adult GH deficiency (GHD) is characterized by increased visceral adiposity, decreased lean body mass, and abnormal lipid profile (1) . On the other hand, patients with hypothalamic and pituitary dysfunction display weight gain, insulin resistance, and dyslipidemia with subsequent development of nonalcoholic fatty liver disease (NAFLD) (2) . Several reports have suggested that such hepatic impairment may be particularly related to GHD. For instance, adult hypopituitarism with GHD has been reported to be associated with liver dysfunction and hyperlipidemia (3, 4) . Ichikawa et al. (5) showed that hepatic steatosis was more frequently observed in hypopituitary patients with GHD than in patients without GHD, with hepatic steatosis present in 54% of the patients with GHD. In another case of adult hypopituitary patients with GHD accompanied by nonalcoholic steatohepatitis (NASH) and hyperlipidemia, we reported that GH replacement therapy drastically reversed NASH (6) . Moreover, the severity of fatty liver was shown to be related to hypopituitary patients' GH levels (7) . Interestingly, in the non-GH-deficient population, GH, insulin-like growth factor 1 (IGF1), and IGF-binding protein 3 were associated with hepatic fibrosis and steatosis in NAFLD (8) , suggesting that the GH-IGF1 axis may play an important role in the liver in the physiological condition. These data strongly suggest an association between GHD and NAFLD/NASH (9) , although the precise relationship remains to be elucidated.
NAFLD includes both nonalcoholic fatty liver and NASH. NAFLD can be diagnosed by detecting the steatosis in the liver using imaging techniques including ultrasonography, computed tomography (CT), and magnetic resonance imaging (MRI) (10) . The diagnosis of NASH is based on pathohistological findings obtained by liver biopsy. NASH is a progressive disease characterized by steatosis, inflammatory infiltration, hepatocyte injury, and fibrosis. The progression to NASH seems to be associated with multiple factors, but it generally consists of two steps: first, the insulin resistance in conjunction with an accumulation of fat in visceral adipose tissue and within hepatocytes; and second, the increased oxidative stress, cytokine induction, and inflammation (11) . Interestingly, a series of pathological cascade is comparable with the findings observed in adult patients with GHD, and GH replacement therapy improves these conditions, suggesting a common pathological background between NAFLD and adult GHD (12) .
To clarify the association between GHD and NAFLD/ NASH, we performed a clinical study in Japanese hypopituitary patients with GHD.
Materials and methods

Patients
This study was approved by the Kobe University Graduate School of Medicine Ethics Committee and the Kinki Central Hospital Ethics Committee. Written informed consent was obtained from all participants. We included 69 consecutive adult hypopituitary patients with GHD diagnosed and assessed between January 2002 and November 2010 in the Division of Diabetes and Endocrinology, the Kobe University Hospital, and analyzed in a retrospective and crosssectional design. For the diagnosis of adult GHD, each patient was subjected to an insulin tolerance test (13) or the GH releasing peptide-2 test (14) . The hypothalamopituitary-adrenal axis, hypothalamo-pituitary-thyroid axis, and hypothalamo-pituitary-gonadal axis were evaluated as previously described (15) . We excluded hypopituitary patients with acromegaly or Cushing's disease. For the control group, we enrolled 1994 control subjects (1278 men and 716 women) who underwent a health check-up at Kinki Central Hospital between May and October 2006. Among these subjects, 83 age-, gender-, and BMI-matched subjects were randomly selected for comparison with the GHD group. Exclusion criteria for both GHD and control subjects included alcohol consumption of more than 20 g/day for women and more than 30 g/day for men. Subjects were also excluded if they had cirrhosis, hepatitis B or C, other liver diseases, or if they were receiving drugs known to cause steatohepatitis (16) .
Study design
NAFLD was diagnosed based on the results of ultrasonography, which is the most common method employed for assessment of hepatic steatosis (17) . The presence of intrahepatic fat was assessed by an ultrasonographic scan using a Siemens ALOKA system with a 3.5 MHz transducer (ALOKA, Tokyo, Japan). Detection of hepatic fat was based on an echogenic parenchyma (in relation to the right kidney), posterior attenuation and the presence of focal fatty sparing (18, 19) . All of the images were assessed at the end of the study by a physician blinded to the clinical history. The diagnosis of NASH was confirmed by a liver biopsy according to the standard clinical indication for liver disease (20) . We examined patients by liver biopsy, who showed liver dysfunction, NAFLD in ultrasonography, and agreed with further examination by biopsy with written informed consent. Liver biopsy specimens were evaluated independently by two pathologists blinded to the patients' clinical histories. Disease activity was assessed using the NAFLD activity score (21) . The metabolic variables were determined using standard methods with the use of automated equipment (Hitachi).
GH replacement therapy
GH replacement therapy was performed in the patients who agreed to treatment, according to the general guidelines for the treatment of adult GHD (13) . Patients receiving other medical therapies including corticosteroid, L-thyroxine, and sex steroids for replacement, as well as antidyslipidemic and antihypertensive agents, continued to receive them in the same doses for at least 6 months prior to and then during their GH replacement therapy.
Data analysis
Results are expressed as the meanGS.D. unless otherwise specified. Statistical analysis was performed using JMP Statistical Database Software (SAS Institute, Inc., Cary, NC, USA). The data were analyzed using c 2 (or Fisher's exact) test, two-sample t-test, paired t-test, two-way ANOVA followed by Tukey's post hoc test, and Wilcoxon signed-rank test as appropriate. Statistical significance was set at P!0.05.
Results
The prevalence of NAFLD/NASH in adult hypopituitary patients with GHD
To clarify the prevalence of NAFLD/NASH in adult hypopituitary with GHD, we analyzed 69 consecutive Japanese patients and compared them with healthy age-, gender-, and BMI-matched control subjects. The patients had been given routine replacement therapy except for GH. In the GHD group, one with active hepatitis B and two with alcoholic hepatitis were excluded from this study. Thus, we subsequently analyzed the remaining 66 patients (with a mean GS.E.M., age of 48.1G2.2; 32 males, 34 females). Causes of hypopituitarism are shown in Supplementary Figure 1A , see section on supplementary data given at the end of this article. The prevalence of NAFLD in the control group (12% overall, men 18%, women 7%) was comparable with that in the previous report in the Japanese population (22, 23, 24) . Strikingly, the prevalence of NAFLD in the GHD group was significantly increased by 6.4-fold compared with the control group (77 and 12%, P!0.001; Table 1 ).
In the GHD group, the serum alanine aminotransferase (ALT; P!0.0001), aspartate aminotransferase (AST; P!0.0005), g-glutamyl transferase (g-GTP; P!0.005), triglyceride (P!0.0001), and hs-CRP (P!0.0001) levels and fasting IRI (P!0.01) and homeostasis model assessment-insulin resistance (HOMA-IR; P!0.05) scores were significantly higher than the corresponding levels in the control group (Table 1) . We examined 16 patients who showed liver dysfunction and NAFLD in ultrasonography by liver biopsy and found that 14 of the 16 patients had characteristics of NASH (Table 2) . Moreover, of the other two patients, the histology of one patient revealed steatohepatitis and that of the other revealed mild fibrosis ( Table 2 ). Because liver biopsy was performed in only a part of the group, it is speculated that the prevalence of NASH in the hypopituitary patients with GHD was estimated to be lower than that of the true one. Nonetheless, the prevalence of NASH in this study (14/66, 21%) was apparently high compared with the prevalence of 1-3% that was previously reported for the Japanese population (24, 25) .
The characteristics of NAFLD and NASH in patients with GHD
The clinical characteristics of NAFLD (K) and (C) in the patients with GHD are shown in Table 3 . The profile of causes of hypopituitarism in the NAFLD (C) group was similar to those of the total patients; however, although it was not statistically significant, the NAFLD (K) group showed a different profile that was more predominantly idiopathic, Sheehan's syndrome, and Rathke's cleft cyst and less predominantly craniopharyngioma and pituitary adenoma compared with Figure 1A and B, see section on supplementary data given at the end of this article).
Comparison of the clinical characteristics demonstrated that BMI (P!0.005), visceral fat area (P!0.05), fasting IRI (P!0.05), and HOMA-IR (P!0.05) were significantly higher in the NAFLD (C) group than in the NAFLD (K) group. HDL-C levels were significantly lower in the NAFLD (C) group (P!0.005). In a subgroup of the NASH group, in addition to the parameters observed in the NAFLD group, triglyceride (P!0.01) levels and a fibrotic marker for the liver, type IV collagen (P!0.05) levels were significantly elevated compared with those in the NAFLD (K) group.
The effect of GH replacement therapy on liver enzyme levels in patients with GHD
Among the 66 GHD patients, we treated 19 patients who agreed with GH replacement therapy according to the guideline (13) . Of these 19 patients, 11 patients were diagnosed with NAFLD (C) and the remaining eight patients were NAFLD (K). Interestingly, ALT (P!0.001), AST (P!0.005), and, g-GTP (P!0.05) levels after 6 months of GH replacement therapy were significantly decreased compared with their baseline levels (Fig. 1) . The degree of improvement in the liver function was more predominant in the patients with elevated liver enzyme levels.
The effect of GH replacement therapy on NASH in patients with GHD
In this study, to quantitatively evaluate the effect of GH on histologically confirmed NASH, we analyzed five patients including the first reported one (6), who were treated with GH for 6-12 months and assessed biochemically ( Fig. 2) and by liver biopsy (Fig. 3A) before and after the treatment. In addition to the liver enzyme levels (Supplementary Figure 2 , see section on supplementary data given at the end of this article), the fibrotic markers, hyaluronic acid, and type IV collagen levels were significantly decreased during the GH therapy (Fig. 2) . Based on the histological analysis, the steatosis (PZ0.04) and fibrosis (PZ0.04) scores in these patients were significantly improved after GH treatment ( Fig. 3A and B) .
Discussion
In the present study, we demonstrated that adult hypopituitary patients with GHD have a high prevalence of NAFLD. GH replacement therapy was effective for treating NAFLD/NASH in these patients, suggesting a physiological role of GH and IGF1 in the liver. Although the prevalence of NASH in the patients was obviously high as compared with the Japanese historical control subjects, it is suggested that the prevalence could be higher than that observed in this study because of the limited number of subjects in whom liver biopsy was undertaken. These data suggest that NAFLD/NASH is one of the important comorbidities in adult hypopituitary patients with GHD. Recently, Gardner et al. (26) reported that NAFLD is equally common in patients with GHD and age-and BMI-matched control subjects. Although the reason for the discrepancy is unknown, compared with the present study, the age of subjects was higher, the serum IGF1 levels were not severely impaired in the GHD group, and the unmatched sex in the study might influence the results. Moreover, as the authors discussed, although it was not statistically significant, GH replacement therapy showed a tendency to decrease liver fat content (PZ0.07), suggesting that the patient sample size might have been too small to detect the effect of GH. Several factors, including race, age, gender, BMI, and diabetes, are known to affect an individual's susceptibility to NAFLD (27, 28) . In hypopituitary adult patients with GHD, obesity is frequently observed particularly in the presence of hypothalamic dysfunction in craniopharyngioma (29) . To exclude the effects of age, gender, and BMI, we enrolled healthy age-, gender-, and BMI-matched Japanese subjects as a control group in this study. Compared with this control group, the prevalence of NAFLD in hypopituitary patients with GHD was still significantly increased. These results indicate that the development of NAFLD may be independent of obesity. However, given that visceral obesity is predominant in the patients with adult GHD, it is possible that increased visceral fat may play a role in the development of NAFLD even in patients with the same BMI. The results that the NAFLD (C) group in the patients with adult GHD exhibited higher visceral fat area than the NAFLD (K) group rather indicated that visceral obesity is an important factor for the development of NAFLD in patients with GHD.
There are several factors that could affect the susceptibility of NAFLD besides age, gender, and BMI. An excess level of glucocorticoid is associated with visceral obesity and fatty liver (30) . In our subjects, there were no significant differences in the dose of glucocorticoid replacement therapy in the patients with or without NAFLD (Table 3) . Estrogen also plays an important role in the liver to modulate steatosis (31, 32) . Indeed there was a clear gender difference in the prevalence of NAFLD in the control group (18% in men vs 7% in women). Although we compared sex ratios and the gonadal hormone replacement therapy statuses in the GHD group, there were no significant differences (Supplementary Table 1 , see section on supplementary data given at the end of this article). In contrast to the control group, there was no gender difference in the prevalence of NAFLD in the GHD group, suggesting that the status of sex hormones may be associated with the development of NAFLD; however, further analysis is necessary to clarify the involvement of sex hormones. We still cannot exclude the possibility that these hormone replacement therapies were not optimal and further investigation is necessary to elucidate the precise contribution of replacement therapy of these hormones.
We found that GH replacement therapy significantly decreased the liver enzyme levels in these patients. The improvement was observed as early as 2 months after the treatment (Supplementary Figure 2 , see section on supplementary data given at the end of this article). The improvement of liver enzymes suggests that GH-deficient status was causally related to the liver dysfunction. Histological scoring showed that GH replacement therapy significantly improved NASH characteristics, particularly in the scoring of steatosis and fibrosis concomitant with a biochemical improvement of liver enzymes and a decrease in the fibrotic markers. Given that the other replacement therapies and antihyperlipidemic or antihypertensive agents were not changed during the GH replacement therapy and that NASH is generally progressive, it is speculated that these effects are directly attributable to the GH replacement therapy. However, considering the fact that even in subjects with metabolic syndrome without GHD, GH treatment has been shown to decrease the visceral adiposity and improve the metabolic parameters (33), we cannot exclude the possibility that these effects of GH in the liver were exerted as pharmacological actions via its lipolytic effect.
With regard to the mechanistic action of GH, it has been shown that specific deletion of GH receptor (GHR) in hepatocytes leads to steatosis with an impaired lipid metabolism (34) . Furthermore, liver-specific deletion of JAK2 (35) or STAT5 (36, 37) in mice results in steatosis, suggesting the importance of downstream signaling of GHR in the lipid metabolism of the hepatocytes. In an Figure 1 Serum aspartate aminotransferase and alanine aminotransferase, and g-GTP concentrations before and after GH replacement therapy for 6 months in adult patients with GHD. animal model of liver cirrhosis, exogenous IGF1 expression in the liver reduced fibrosis and ultimately led to amendment of cirrhosis, suggesting an antifibrotic action of IGF1 (38) . GH also has a pronounced lipolytic effect, particularly in the visceral fat (39) . Because visceral adiposity is closely related to development of NAFLD, it is plausible that GH exerts its effect by reducing the visceral fat as an indirect mechanism. Collectively, these findings suggest that direct, indirect, and plural actions of GH and IGF1 are closely interrelated and contribute to occurrence of NAFLD.
Among the patients with GHD, visceral fat area was significantly increased in NAFLD (C) patients but not in NAFLD (K) patients. Also, fasting IRI and HOMA-IR were significantly increased in NAFLD (C) patients. These results are in line with the data that the pathogenesis of general NASH is closely related to visceral obesity and insulin resistance (11) . However, comparing the BMI-matched control subjects, the susceptibility to NAFLD was increased in patients with GHD. One possible mechanism for this increased susceptibility could be enhanced inflammation and oxidative stress levels in patients with GHD as the second hit in the development of NAFLD (11) . hs-CRP and interleukin 6 levels were elevated in adult patients with GHD, and GH replacement therapy decreased the levels of these markers (40) . Intriguingly, lower IGF1 status is associated with higher CRP and hepatic steatosis in obese women, suggesting an important role of IGF1 in the regulation of inflammation (41) .
The limitations of this study are that it was retrospective, included a small number of study subjects, liver biopsies were only done in a small subset of the study subjects, and there was no control group in the study for GH treatment. In addition, the underlying mechanisms, which explain the role of GH in the liver, remain unclarified. Nevertheless, the comparison between age-, gender-, and BMI-matched control and the hypopituitary patients with GHD in this study clearly showed the high prevalence of NAFLD in the patients.
In conclusion, adult hypopituitary patients with GHD had a high prevalence of NAFLD. GH replacement therapy was effective for treating NAFLD/NASH in these patients. Because NASH is a progressive disease with a poor prognosis, clinical assessment for NAFLD/NASH in hypopituitary patients with GHD as the comorbidity is warranted. Table 2 ). The fibrotic changes were visualized with blue staining. (B) Mean scores for steatosis, fibrosis, inflammation, and ballooning necrosis in liver biopsy specimens assessed using the NAFLD activity score.
